INTRODUCTION
Aliivibrio logei, a bioluminescent species of marine bacteria, was described by Bang et al. (1978) , when it was initially placed within the genus Vibrio (now Aliivibrio; Urbanczyk et al., 2007) . Indeed, the metabolic phenotype of A. logei does not differ substantially from that of the previously characterized marine bacterium Vibrio fischeri unless its temperature preferences are taken into account. A. logei is a psychrophilic species that grows at 4 uC but not at 30 uC, while Aliivibrio fischeri is a typical mesophile that grows at 30 uC but not at 4 uC (Fidopiastis et al., 1998) .
Previous studies Khrul'nova et al., 2012) reported on a comparative analysis of lux-operons of mesophilic A. fischeri and various strains of A. logei isolated from cold habitats of the White, Okhotsk and Bering seas. These lux-operons differ in their structure. The lux-operon of A. logei includes two copies of luxR (luxR1 and luxR2). Moreover, in its usual location in front of luxC, the luxoperon lacks luxI, while there is a luxR2-luxI insert located downstream of luxG. Additionally, there are differences in the length of the spacer between luxR1 and its promoter Pr: in A. logei it is more than 500 bp in length, while in A. fischeri the luxR gene is only 200 bp away from its promoter. Despite the differences in structure and sequence of these lux-operons, the characteristics of their response to adding the autoinducer (AI) are similar . Hence, the exact role of luxR duplication in the genome of psychrophilic A. logei remains obscure. One may hypothesize that the low operating temperature of the A. logei operon requires an increase in gene dosage, similarly to that expected for other operons of psychrophilic bacteria (Bowman, 2008) . Alternatively, luxR duplication and subsequent divergence of its copies may be shaped by two different environmental factors. In this case, the proteins encoded by luxR1 and luxR2 should differ in their activity profiles. Here we compare the relative activities of A. logei strain KCh1 (Kamchatka isolate) LuxR1 and LuxR2 proteins under various temperature conditions and a range of AI concentrations, and describe the role of Lon protease in regulation of the lux-operon and GroEL/ES chaperonin-dependent folding of LuxR proteins.
METHODS
Bacterial strains and plasmids. The bacterial strains of E. coli and marine luminescent bacteria A. logei used in this study are listed in Table 1 . Plasmids used in this study are described in Table 2 .
To amplify and clone DNA fragments, the following primer pairs were used. The primer positions are given in parentheses from the start of the lux-operon sequence from A. logei KCh1 (GenBank accession number HQ450520) and also shown in Fig. 1(a) .
For cloning of luxR1 and its regulatory areas, a set of specific primers luxR1end (59-GGCCGAATTGTATGTAAAAATAAATGAG-39) and SV1d (59-TCACACCGCCGATGATAATTGGAA-39) was used. For cloning of luxR2 and its regulatory areas, a set of specific primers Revpl1 (59-TGAAAATTAGAAGTCCGACTGCGT-39) and luxR2(RSt) (59-GTCATCCTGACCCCCTTTAATCTTT-39) was used. To ensure that the second copy of the luxR gene is retained within the insert, the following primers were used: SV2d (59-AGGTTGCTCTGAACGAAC-GGTT-39) and Sv1r (59-GGTGAACCAGGGTTGTTGAGCT-39). To ensure the presence of the regulatory area luxR1-luxC, the following primers were used: SV1d (shown above) and SV3r (59-GCGCCATT-TTTGTGGGTAATTATCT-39).
Culturing. The bioluminescent marine bacteria were grown at 15 uC on SWT medium containing the following (%, w/v): tryptone, 0.5; yeast extract, 0.25; sea salt, 1.5; and glycerol, 0.3. E. coli was grown at 30 uC in Luria-Bertani (LB) broth. Solid media were prepared using 1.5 % agar. The plasmid-bearing strains were grown on the media supplemented with ampicillin (100 mg ml
21
) or cloramphenicol (25 mg ml
).
To measure the bioluminescence intensity of E. coli cells with plasmids containing luciferase genes, the overnight cultures were inoculated into a fresh batch of LB media with ampicillin (100 mg ml
) with an initial OD 600 of 0.01 and maintained at 28 uC with aeration Enzymes and chemical substances. The enzymes used in the study were from Fermentas; the AIs for LuxR stimulation, N-3-oxyhexanoyl L-homoserine lactone (oxoC6) and N-3-oxyoctanoyl L-homoserine lactone (oxoC8), as well as n-decanal (the substrate for luciferase) were from Sigma-Aldrich. Bioluminescence of the cells. The intensities of bioluminescence [relative light units (RLU)] were measured in special vials containing 200 ml of the preparation at room temperature using 'Biotox-7' (LLC EKON) or LM-01T (Immunotech) equipment. When necessary, 2-3 ml of the luciferase substrate (0.001 % alcohol solution of n-decanal) was added to the suspension prior to measurement.
Phylogenetic analysis. Sequencing of the regulatory area luxR1-luxC was performed by the Sanger method (Sanger et al., 1977) . Correction of the sequence chromatograms and their analysis was carried out in the program Vector NTI 11.5 (Informax). Comparison of the sequence data and their differentiation were performed using BLAST (http://blast.ncbi.nlm.nih.gov/). Phylogenetic relationships among submitted species of the genus Aliivibrio were examined by means of MEGA 5.0 (Tamura et al., 2011) . Phylogenetic trees were reconstructed by neighbour-joining and maximum-likelihood methods. Bootstrap analysis to investigate the stability of the trees was performed in 1000 replicates.
RESULTS AND DISCUSSION
Phylogenetic analysis of A. logei strains Analysis of the structure of lux-operons based on amplification of the regions luxR1-luxC and luxE-luxR2 was performed using 16 strains of A. logei isolated from fish samples collected in the White, Baltic, Bering and Okhotsk seas and in related control samples of Aliivibrio salmonicida. The genomes of all analysed strains of A. logei contain both copies of the luxR gene (luxR1 and luxR2). Fig. 1(a) shows the structure of lux-operons of A. logei and A. salmonicida as well as the locations of the promoters (Pr1 and Pr2) and the amplification primers. A phylogenetic tree based on luxR genes from all analysed strains shows that luxR genes generate their own corresponding clusters (Fig. 1b) . Note that the sequence of luxR1 differs significantly from that of luxR2. The luxR1 genes from A. logei and A. salmonicida form one cluster, while the cluster of luxR2 is clearly separate from that of luxR1. The luxR gene from A. fischeri establishes its own branch. The sequences of the regulatory area luxR1-luxC (for sequence alignment and phylogenetic trees, see Figs S1 and S2, available in the online Supplementary Material) vary greatly with a general trend to relatively fast elimination of the fragments of the luxI gene while conserving the adjacent loci luxR1 and luxC. Unlike this variable area, the sequences of the luxR1 and luxR2 genes are quite conserved (Figs S3 and S4) .
Note that phylogenetic analysis based on 'housekeeping' genes (recA, gyrB, pyrH, rpoA, gapA; performed as in Ast et al., 2009 ) of several strains identified as representing A. logei based on phenotype (pigment, luminescence) and biochemistry (nitrate reduction, D-galactose fermentation, lysine decarboxylation) performed as described by Fidopiastis et al. (1998) does not allow the strains to be distinctly clustered into two separate clades A. salmonicida and A. logei (Fig. S5, Table S1 ).
Thermostability of LuxRs from A. logei and A. fischeri and their activities at various concentrations of AI in E. coli cells
To estimate the activity of LuxR1 and LuxR2 regulators, the plasmids pIVA and pSV16 containing luxR genes with their regulatory regions transcriptionally fused with the Photorhabdus luminescens luxCDABE locus were constructed. The thermostable lux-reporter (luciferase of P. luminescens) was employed for evaluation of the stability and the activity of Aliivibrio regulatory proteins in E. coli. The activities of LuxR1 and LuxR2 from A. logei were compared with that of LuxR from A. fischeri (pVFR1 biosensor plasmid). Fig. 2 shows activities of the LuxR1-or LuxR2-dependent promoters Pr1 and Pr2 (adjoined with luxR1 and luxR2 genes, respectively) in constructs expressed in E. coli MG1655 according to concentrations of AI in the media. For the LuxR1-based lux-biosensor, both the sensitivity and the magnitude of the response to AI were substantially lower than those for LuxR2. In our experiments, the LuxR1-dependent A. logei KCh1 promoter Pr1 was active only at AI concentrations of 10 26 M or higher, while the LuxR2-dependent promoter Pr2, which directs the expression of luxI responsible for AI synthesis, was more sensitive to AI as it was activated at AI concentrations of 10 29 M and higher. Activities of LuxR from A. fischeri and LuxR2 from A. logei were approximately the same. Time-dependent kinetic curves of Pr1 and Pr2 activation are presented in Fig. S6 .
To investigate whether promoter Pr1 could be activated by LuxR2, an E. coli strain containing the biosensor plasmid with luxR1 along with the promoter Pr1 (pIVA) was transformed using compatible ori p15-based plasmid pIV2 with luxR2 gene under its own promoter. This experiment showed that the low AI sensitivity of the Pr1 promoter observed in E. coli with plasmid pIVA may, to a large degree, be compensated by the addition of luxR2 (Fig. 3a) . Therefore, both the sensitivity of Pr1 to AI and the magnitude of its AI-dependent response are predominantly defined by the LuxR2 protein. By contrast, the estimation of LuxR1's ability to influence the activation of promoter Pr2 by LuxR2 protein was carried out in E. coli cells with two plasmids, pSV16 (luxR2 gene with Pr2 promoter) and pIV3 (pACYC184 vector with luxR1). This experiment showed that LuxR1 has no visible impact on expression from the Pr2 promoter (Fig. 3b) . Fig. 3 demonstrates that Pr1-dependent expression is one or two orders of magnitude lower than that controlled by Pr2, either with one of the luxR genes or with both luxR1 and luxR2. These observations could be explained by the properties of the palindromes located upstream of respective lux-boxes, the 7 bp palindrome within Pr2 and the 6 bp palindrome within Pr1 (Fig. S7) . It is possible that the structure of the lux-box of Pr1 defines its less efficient binding to LuxR.
To evaluate whether LuxR1 protein is more thermostable and therefore may be required for activation of quorum sensing (QS) at higher temperatures, the bioluminescence abilities of luxR1-or luxR2-regulated luxCDABE-containing strains (producing luciferases from P. luminescens) were compared. Thermostabilities of LuxR1 and LuxR2 were compared with that of LuxR from the control mesophilic bacterium A. fischeri.
After formation of a complex with AI, LuxR proteins stabilize and acquire an ability to activate its target promoters at temperatures as high as 37 uC (Table 3) . At 42 uC, a substantial decrease in the activity of LuxR proteins of psychrophilic A. logei was observed, while LuxR protein of mesophilic A. fischeri retained 60-80 % of its activity even when incubated at 42 uC. The sensitivities of LuxR1 and LuxR2 to thermal denaturation were similar. The kinetic curves of A. logei and A. fischeri LuxR-dependent activation of both promoters at 42 uC and at room temperature are shown in Fig. S8 .
Influence of Lon protease and GroEL/ES chaperonin on the activity of LuxR1 and LuxR2 proteins from A. logei
Previous studies have shown that QS regulation of the luxoperon from A. fischeri is dependent on the activity of some intracellular modulators, including GroEL/ES chaperonin and Lon protease in E. coli cells (Dolan & Greenberg, 1992; Zavil'gel'ski & Manukhov, 1997; Manukhov et al., 2010) . Hence, we sought to uncover a possible role of these modulators in QS regulation of the lux-operon in the psychrophilic species A. logei. E. coli AB1157 lon + and AB1899 lon 2 cells supplemented by the plasmids pSV10.4 or pF1 with the complete luxoperons of A. logei and A. fischeri, respectively, were cultivated under weak aeration until an OD 600 of 0.5. As can be seen from Fig. 4 , the bioluminescence intensities of the cells with either the psychrophilic or the mesophilic lux-operon were higher in strain lon pIVA and pSV16 were tested in lon + and lon 2 E. coli strains. The results of this experiment unequivocally showed that sensitivity of the QS system to Lon protease is an attribute of LuxR2, but not of LuxR1 (Fig. S9) . Therefore, LuxR1 stimulates Pr1 promoter either in the presence or in the absence of Lon protease equally. LuxR2-expressing cells demonstrate a bioluminescence response that is about an order of magnitude higher when the lon gene is deficient. A high concentration of AI helps to restore the activity of LuxR of A. fischeri and thus activates luxCDABE gene transcription at the level observed in the absence of Lon protease (Fig. 5a) . Even an addition of external AI cannot protect LuxR2-expressing cells against the action of the protease Lon: the difference in the total luminescence levels of lon + and lon 2 cells is evident even at AI concentrations of 10 25 M (Fig. 5b) .
The bioluminescence intensities of E. coli strains SKB178 gro + and OFB1111 gro EL673 transformed with either pIVA or pSV16 plasmid (containing luxCDABE P. luminescens) differing by their mode of regulationeither by LuxR1 or by LuxR2 protein of A. logei -were quantified after incubation with AI at concentrations of 10 25 M for varying periods of time. In pIVA (luxR1)-controlled cells the lack of GroEL/ES chaperonin does Fig. 4 . Influence of Lon-protease activity on the luminescence of E. coli cells (AB1157 lon + and AB1899 lon 2 strains) that express complete lux-operons of A. fischeri and A. logei. Cells were grown at room temperature under weak aeration conditions, and total luminescence intensities were quantified at an OD 600 of 0.5.wt pF1, E. coli AB1157 (pF1); lon-pF1, E. coli AB1899 (pF1); wt pSV10,4, E. coli AB1157 (pSV10,4); lon-pSV10,4, E. coli AB1899 (pSV10,4) .
not influence the intensity of bioluminescence (Fig. S10a) . Therefore, GroEL/ES is unlikely to participate in the process of LuxR1 folding. As compared with the GroEL/ESdeficient strain with pIVA (luxR1), similarly designed E. coli cells with the plasmid pSV16 (luxR2) were delayed in the kinetics of the development of their bioluminescence and showed 10 times less intense peak bioluminescence (Fig. S10b) . Therefore, GroEL/ES is likely to be involved in the folding of LuxR2. In the process of its biosynthesis, the quantity of the active molecules of LuxR2 increases, thus allowing efficient formation of its dimers (LuxR2) 2 that bind to AI and acquire an ability to induce expression of the genes located downstream of the LuxR2-controlled promoter.
It is known that high concentration of AI recovers the activity of LuxR of A. fischeri even with an insufficient amount of chaperones (Manukhov et al., 2006) . Increasing the intracellular concentrations of AI can also help to recover the activity of LuxR2. However, unlike LuxR of A. fischeri, the activity of LuxR2 of A. logei cannot be restored completely (Fig. 6 ).
The data shown above indicate that GroEL/ES chaperonin modulates expression of the lux-operon of A. logei in a positive way, while Lon protease serves as a negative regulator of this locus. LuxR2 protein of A. logei is a target for both GroEL/ES chaperonin and Lon protease, while its LuxR1 protein is insensitive to these modulators. One can hypothesize that LuxR1 may serve as an auxiliary regulator capable of boosting expression of the lux-operon during stressful conditions that result in insufficient availability of the chaperones. The boosting function of LuxR1 is suggested to be exerted only at relatively high concentrations of AI (10 25 to 10 24 M). Under physiological conditions, the main activator of A. logei lux-operon expression is LuxR2 as it binds to both promoters, Pr1 and Pr2. 100000 1000 100 10 1
LuxR Af groLuxR Af LuxR2 groLuxR2 Fig. 6 . Influence of GroEL/ES chaperonin on the folding of LuxR2 (pSV16 plasmid) and LuxR from A. fischeri (pVFR plasmid) tested in E. coli SKB178 gro + (SKB) and E. coli OFB1111-groEL673. The measurements were taken at various concentrations of AI after 60 min of incubation.
